Structural control of silica-based materials prepared by sol-gel chemistry is important from both fundamental and practical viewpoints. This paper reviews our work on the synthesis of ordered siloxane-based nanomaterials by self-assembly of organosilane-based precursors. Lamellar siloxane-organic hybrids with various structures, macroscopic morphologies, and properties have been prepared from long-chain alkyltrialkoxysilanes or organoalkoxysilane-tetraalkoxysilane mixtures by selfassembly during hydrolysis and polycondensation. Furthermore, the molecular design of novel alkylsiloxane precursors having a large oligosiloxane head led to the formation of hybrid mesostructures consisting of cylindrical assemblies that gave ordered microporous or mesoporous silica by calcination. These results open a new self-assembly route to the design of ordered nanoporous materials as well as nanohybrid materials without the use of any templates or structure-directing agents.
Introduction
INORGNIC-organic hybrids have emerged as a new class of materials with unique structures and properties. 1) ,2) The sol-gel processing of organoalkoxysilanes (R n Si(OR′ ) 4-n ) as molecular precursors has been studied extensively as a convenient route to create siloxane-based hybrid materials. A variety of hybrid materials have been prepared by the molecular design of the precursors, 3) , 4) however, most of the products are amorphous solids, and the control of their nanostructure is an important issue that should be addressed.
Recently, the self-assembly approach to nanostructured hybrid materials has drawn increasing attention. One promising approach is to use surfactants as structure directing agents.
5)-9) Two types of hybrid mesoporous materials where (i) organic groups are grafted on the pore surface and (ii) integrated into the pore walls have been prepared from the organoalkoxysilane precursors with the general formulae of R′ Si(OR) 3 and (RO) 3 Si-R′ -Si(OR) 3 , respectively. 8), 9) Another interesting approach is the self-directed assembly of organoalkoxysilanes during hydrolysis and polycondensation, providing a one-step, surfactant-free pathway to hybrid mesostructures. Organization of bridged silsesquioxanes (O 1.5 Si-R′ -SiO 1.5 ) has been attained via weak interaction (p-p interactions, hydrogen bonding, etc.) between R′ groups. Boury et al. revealed the short-range or long-range organization of some of the bridged silsesquioxanes containing rigid organic spacers or mesogenic spacers similar to thermotropic liquid crystal molecules. 10 ),11) Moreau et al. have reported the preparation of well-ordered lamellar hybrids by combining the association properties of urea groups by hydrogen bonding and hydrophobic interaction of long alkyl chains. 12),13) However, most of the hybrid materials have lamellar structures, and more versatile control over the hybrid mesostructure is still a great challenge.
Over the past decade, we have been focusing our efforts on creating silica-based mesostructured materials by utilizing the amphiphilic nature of organosilane molecules. Organoalkoxysilanes having hydrophobic organic groups become amphiphilic when alkoxy groups are hydrolyzed to form hydrophilic silanol (Si-OH) groups. Such silicon-based amphiphiles should have an ability to form supramolecular assemblies (e.g., micelles and liquid-crystalline phases) similar to those known for conventional organic amphiphiles, in addition to their inherent ability to form siloxane networks by polycondensation. In this review, we present the formation of various types of hybrid mesostructures based on the molecular design of the precursors, and their conversion to microporous and mesoporous silica by removal of organic groups.
2. Lamellar siloxane-based hybrids 2.1 Self-assembly of hydrolyzed alkyltrialkoxysilanes Alkyltrialkoxysilanes (or alkyltrichlorosilanes), typically those having long n-alkyl chains, become amphiphilic when the alkoxy groups are hydrolyzed to form silanol (Si-OH) groups, and are therefore capable of self-assembly. A wellknow example is the formation of self-assembled alkylsiloxane monolayers on hydrated solid surfaces (i.e., twodimensional self-assembly), which has been studied extensively since the early 1980's.
14),15) However, self-assembly of such alkylsilane molecules into three-dimensional architectures had not been reported until several researchers including us found that multilayered (lamellar) hybrids were spontaneously formed under certain conditions.
16)-18)
We reported the synthesis of lamellar hybrids from alkyltriethoxysilanes with various chain lengths (C n H 2n＋1 Si(OEt) 3 , 1, n＝12, 14, 16, and 18). 18) Hydrolysis of 1 in a EtOH-H 2 O-HCl mixture led to the precipitation of crystalline alkylsilanetriols (C n H 2n＋1 Si(OH) 3 ), which underwent solid-state polycondensation during a drying step ( Fig. 1  (a) ). The scanning-electron microscopy (SEM) observation 
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Journal of the Ceramic Society of Japan 116 [2] 278-283 2008 JCSJapan revealed that the products have a plate-like particle morphology. The X-ray diffraction (XRD) patterns ( Fig. 1(b) ) showed a peak corresponding to the repeat distance of the lamellar structure, together with the higher order diffraction peaks. The d spacing linearly increased from 3.75 nm (n＝ 12) to 5.28 nm (n＝18) with increasing the number of carbon atoms in the alkyl chain (inset of Fig. 1(b) ). The average increment of the d spacing per CH 2 was ca. 0.25 nm, suggesting that the hybrids have a bilayer structure where all-trans alkyl chains are oriented almost perpendicular to the siloxane layers. The solid-state 29 Si CP/MAS NMR spectrum of the lamellar hybrid (n＝18) showed three broad signals corresponding to the T 1 , T 2 , and T 3 sites (T x , CSi(OSi) x (OH) 3-x ) among which the T 2 signal was prominent. This result suggests that the siloxane layers consist of linear (or cyclic) chains that are partly cross-linked by Si-O-Si linkages. Because the Si-O-Si distance is shorter than the van der Waals radii of the alkyl chains, adjacent alkyl chains in the linear siloxane structure should be pointing in opposite directions rather than being pointing in the same direction. 19 ),20)
Thin film formation
In general, the sol-gel processing of alkoxysilanes allows facile control over the macroscopic morphologies of the resulting xerogels, which is very important for practical applications. However, the lamellar hybrids derived from 1 were prepared only in the form of powders. This is attributed to the strong tendency of hydrolyzed monomers (＝alkyl-silanetriols) to form crystalline aggregates and also to the low cross-linking ability caused by the steric effects. We have demonstrated that such a situation was greatly improved by using tetrafunctional silanes (Si(OR) 4 , R＝Me, Et) as an additional silica source.
Transparent thin films of highly-oriented lamellar hybrids were successfully formed by co-hydrolysis and polycondensation of alkyltrialkoxysilanes and tetraalkoxysilane under acidic conditions, followed by spin-or dip-coating on glass substrates. 21) , 22) The self-assembly of alkylsiloxane species was induced by evaporation of the solvent (THF or ethanol) during the coating procedure, which is generally referred to as the"evaporation-induced self-assembly processes." 23), 24) By controlling the reaction conditions, in particular, (i) the degree of polycondensation in the precursor solutions (described in the following section 2.3) and (ii) temperature of the solution in the range of 10-60°C during the film formation, lamellar hybrid films were prepared from the precursors with various lengths of alkyl chain (n＝6-18).
The XRD pattern of the hybrid film prepared from the 14 mixture of 1 and tetraethoxysilane (TEOS) showed a sharp and intense peak (e.g., d＝3.9 nm for n＝18) due to the lamellar structure ( Fig. 2(a) ), which was also confirmed by transmission electron microscopy (TEM). 22) At the edge 
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JCSJapan Shimojima : Design of nanohybrid and nanoporous materials through self-assembly of organosilane molecules of the fractured film, stacked multilayers oriented parallel to the substrate surface were observed by FE-SEM ( Fig. 2(b) ). The formation of siloxane networks was confirmed by the 29 Si MAS NMR spectrum where the signals corresponding to the Q 2 , Q 3 , and Q 4 sites (Q x , Si(OSi) x (OH) 4-x ) together with the T 1 , T 2 , and T 3 signals appeared. Interestingly, being different from the lamellar solids derived from 1 alone, the relationship between the alkyl chain length (n) and the d spacing of the film is not linear (inset of Fig. 2(a) ). This is attributed to the variation in the conformation (all-trans or mixed trans-gauche) and the arrangement (bilayer or interdigitated monolayer) of the interlayer alkyl chains.
Role of tetraalkoxysilane on self-assembly
In this self-assembly process, co-condensation of hydrolyzed monomers of alkyltrialkoxysilane and tetraalkoxysilane before spin-or dip-coating procedure plays a crucial role. 25) The precursor solution at the early stage of the reaction gave less-ordered films with phase-separated morphologies. The liquid-state 29 Si NMR analysis of the precursor solution that formed highly ordered films confirmed that hydrolyzed monomers had been almost completely condensed to form oligomeric species. It is reasonable to consider that hydrolyzed alkylalkoxysilane is more likely to co-condense with hydrolyzed tetraalkoxysilane rather than with itself, because of the steric repulsion between long alkyl chains and also to the higher molar ratio of tetraalkoxysilane (typically, Si(OR) 4 /alkylalkoxysilane＝4). The oligomeric species thus formed can be regarded as amphiphilic molecules, leading to the formation of lamellar phases upon evaporation of the solvent. Note that the precursor solution should also contain hydrophilic Si(OR) 4 -derived oligomers. These species possibly migrate into hydrophilic region of the lamellar phase during self-assembly. This is supported by the fact that the d spacing of the film increased with increasing the molar ratio of tetraalkoxysilane which is indicative of the formation of thicker siloxane layers. 21) By taking advantage of this principle, we were successful in synthesizing similar lamellar hybrid films from alkylmethyldimethoxysilane (2) and alkyldimethylmethoxysilane (3) by co-hydrolysis and polycondensation with tetramethoxysilane (TMOS). 25) Note that 2 and 3 never produce lamellar hybrids; they form dimer and linear (or cyclic) siloxanes, respectively, because of their poor cross-linking abilities. Even in the presence of TMOS, the precursor solutions immediately after hydrolysis produced disordered films, which strongly suggests that the co-condensation of 2 (or 3) and TMOS is essential for self-assembly (see Fig. 3 ). We have also demonstrated the formation of lamellar hybrid films by using dialkyldimethoxysilanes with longer second alkyl chains (ethyl or decyl). 26) Thus the structural modification of the lamellar hybrid films at the molecular scale has been achieved.
Polymerization of organic layers containing C＝C
Bonds The incorporation of chemically reactive groups instead of simple alkyl chains is very important to modify the structure and properties of the lamellar hybrids. Of particular interests are polymerizable organic groups. We examined the use of unsaturated organotrialkoxysilane containing a terminal C＝ C double bond (4) and that containing both terminal and internal double bonds (5) (Fig. 4). 27),28) Similar to alkyltrialkoxysilanes, these precursors formed oriented multilayered films by co-condensation with TMOS followed by spin-coating on glass substrates. When the film was exposed to UV light under nitrogen flow, polymerization of the organic layers occurred, as evidenced by substantial decreases in the IR absorption bands due to -CH＝CH 2 or -CH＝CH-groups. The layered structure of the films was retained even after UV irradiation, and cross-sectional TEM images showed well-defined stripe patterns almost perfectly oriented parallel to the substrate surface (Fig. 5) .
Importantly, the lamellar hybrid films containing C＝C double bonds exhibited some unique properties that were observed neither for disordered films derived from the same precursors or the lamellar alkylsiloxane-based films 28) The hardnesses of the as-synthesized films were much smaller than those for the disordered hybrid films, which should be attributed to the laminated structure without covalent bonds between adjacent siloxane layers. However, upon UV irradiation, the hardnesses of the films prepared by using 4 and 5 increased about 15 and 20 times, respectively, which can be explained by the covalent linking of adjacent layers. We also found that the films after UV irradiation had a much higher resistance to an alkaline solution. By utilizing such a difference in the stabilities of multilayered films before and after UV irradiation, micropatterning of the films has been achieved. These results provide an important insight into the structure-property relationships of nanostructured hybrid materials prepared by sol-gel chemistry.
Preparation of micro-or mesoporous silica 3.1 Design of oligomeric precursors
One of the important aspects of research in the self-assembly processes of organoalkoxysilanes is the synthesis of ordered nanoporous silica by removal of organic moieties at the final stage. However, as mentioned above, most of the products reported so far have lamellar structures, giving non-porous silica after calcination. To overcome this limitation, we have recently designed a new type of oligomeric precursors (C n H 2n＋1 Si(OSi(OMe) 3 ) 3 , 6, n＝6-18), having an alkylsilane core and three branching trimethoxysilyl groups (Fig. 6(a) ).
29), 30) In general, the type of the mesophase formed by self-assembly of amphiphilic molecules depends on their geometrical packing parameters. 31) It is reasonable to expect that the precursors 6, having an oligomeric siloxane unit instead of a single -Si(OR) 3 group, favor the formation of mesostructures with higher surface curvature owing to its larger head group area.
We first studied the hydrolysis and polycondensation processes of 6 by liquid-state 29 Si NMR spectroscopy in combination with mass spectrometry, and confirmed the predominant formation of cyclic tetrameric oligomers as the intermediate (Fig. 6(a) ).
30) The proposed mechanism for such a rearrangement of siloxane units is as follows: intramolecular condensation of 6 leads to an oligomer containing trisiloxane ring, which is further rearranged to form tetrasiloxane rings by combined cleavage and cyclization of Si-O-Si linkages. The evaporation-induced self-assembly of such cyclic oligomers led to the formation of three types of hybrid mesostructures by changing the alkyl chain length, i.e., 2D hexagonal structure (n＝6-10), 2D monoclinic structure (n＝12 and 13), and lamellar structure (n＝ 14-18). 30) Figures 6(b) and 6(c) show the XRD patterns and the typical TEM image for the 2D hexagonal (n＝10) hybrid. We also found that well-ordered 2D hexagonal phases with larger d 10 spacing were prepared from mixed short-and long-chain precursors (e.g., 11 mixture of n＝ 10 and n＝16).
The hybrids consisting of cylindrical assemblies gave ordered porous silica with high surface area and narrow pore size distribution upon calcination to remove alkyl chains. 30) The nitrogen adsorption isotherms of calcined products displayed type I (n＝6 and 8) and type IV curves (n＝10, 12, and 10＋16) typical of microporous and mesoporous silica, respectively. The Brunauer-Emmett-Teller (BET) surface areas, pore volumes, and average pore diameters are listed in Table 1 . The pore size varied from 1.1 nm to 3.2 nm depending on the alkyl chain length, and should be continuously controlled by mixing two kinds of the precursors with different chain lengths.
It is interesting to note that the hybrid mesostructure with a 2D hexagonal structure was also prepared from the oligomeric precursor bearing a 4-phenylbutyl group in place of the alkyl chain of 6.
32) The as-synthesized hybrid has a unique mesostructure where rigid aromatic groups are incorporated in the cylindrical assemblies. We expected that, in contrast to relatively inert alkyl chains, phenyl groups are useful for chemical modifications, such as sulfonation and amination, to functionalize resulting hybrid materials. Similar to the 2D hexagonal mesostructures derived from 6, the hybrid was converted into microporous silica by calcination (BET surface area of 580 m 2 g -1 , pore diameter of 1.2 nm).
Generation of pores by chemical treatment
As described in the previous section, the molecular design of oligomeric precursors is an effective method to produce well-ordered porous silica. However, it is possible to obtain mesoporous silica with a disordered"worm-like"pore arrangement, which usually exhibits a single broad XRD peak, starting from the mixtures of alkyltrialkoxysilane and tetraalkoxysilane under certain conditions. 33),34) The lack of higher structural orders should be attributed to random co-condensation of alkoxysilanes resulting in a broad distribution of oligomeric species prior to self-assembly. Nevertheless, this type of materials has attracted increasing attention because of its three-dimensional pore connectivity that should be useful for some specific applications. 6) We used a new type of precursors, 1-alkynyltrimethoxysilanes (CH 3 (CH 2 ) n-3 C≡CSi(OCH 3 ) 3 ; 7, n＝10 and 16), for synthesizing worm-like mesostructures.
35) The Si-C bond 
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JCSJapan Shimojima : Design of nanohybrid and nanoporous materials through self-assembly of organosilane molecules adjacent to the C-C triple bond is cleavable by chemical treatment using fluoride ions as catalysts, 36),37) which makes it possible to remove organic groups under mild conditions (Fig. 7) . The potential advantages over conventional "calcination"include (i) no thermal deformation of the siloxane network and (ii) the capability to recover organic moieties. This strategy was initially proposed by Corriu et al. for amorphous polysilsesquioxanes of the general formula O 1.5 Si-C≡C-R′ -C≡C-SiO 1.5 , however, the control of the pore size and pore size distribution was not attained.
By using 7 as precursors, hybrids with worm-like mesostructures were obtained by co-hydrolysis and polycondensation with TMOS, followed by evaporation of the solvents at room temperature (n＝10) and at 50°C (n＝16).
35) The removal of alkynyl groups by chemical treatment using fluoride ions afforded mesoporous silica with narrow pore size distribution. The nitrogen adsorption measurements revealed that the pore diameter was controllable in the range of 3.8 nm and 4.6 nm by changing the alkynyl chain length and the relative molar ratio of TMOS. As expected, the chemically treated products had larger average pore diameters and pore volumes than those of calcined products. 
